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Our goal in this study was to deﬁne the mechanisms by which fetuin-A mediates the adhesion of
tumor cells. The data show that in the absence of fetuin-A, detached tumor cells secrete exosomes
that contain most of the known exosomal associated proteins but lack the capacity to mediate cel-
lular adhesion. In the presence of fetuin-A, the cells secrete exosomes, which contain, in addition to
the other exosomal proteins, fetuin-A, plasminogen and histones. These exosomes mediate adhesion
and cell spreading. Plasminogen is a participant in this novel adhesion mechanism. The data suggest
that these exosomes play a role in tumor progression.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction inherent in fetuin-A per se and not contaminating proteins, and thatCells that have undergone epithelial to mesenchymal transition
in the course of their transformation, acquire the ability to rapidly
adhere, spread and move in comparison to their polarized counter-
parts [1]. We demonstrated that transformed cells that expressed
high levels of galectin-3 interacted much better with extracellular
matrix adhesion proteins compared to cells with low expression of
the lectin [2]. Subsequent studies from our laboratory implicated
fetuin-A in this rapid adhesion [3,4].
Fetuin-A is a serum glycoprotein synthesized and secreted
mainly by the liver parenchymal cells and to a lesser extent, kidney,
brain and testis cells [5,6]. Its role in cellular adhesion has been de-
bated for a number of years mainly because it co-puriﬁes with a
number of plasma proteins including ﬁbronectin and a2macroglob-
ulin [7].We recently devised a puriﬁcation protocol that for the ﬁrst
time yielded a homogenous protein band in colloidal Coomassie
stained gels. We demonstrated that the adhesion properties werechemical Societies. Published by E
ovine serum albumin; HBSS,
f Biochemistry and Cancer
Blvd., Nashville, TN 37208,annexin-2 (AnxA2) and annexin-6 (AnxA6)were required in the fet-
uin-A mediated adhesion [8]. We, however, failed to prove using
rigorous molecular approaches that AnxA2 and or AnxA6 were
the bonaﬁde cell surface receptors for adhesion.
We hereby provide evidence that fetuin-A mediates the adhe-
sion of tumor cells to plastic via exosomes. Exosomes are nanovesi-
cles with diameters ranging from 30–100 nm, even though in some
cases, serum exosomes can be as large as 150 nm [9]. The biogene-
sis and physiological functions of exosomes are poorly understood.
Nevertheless, many important functions, including exchange of
DNA, mRNA, and microRNA have been suggested for these nano-
vesicles [9,10]. Studies from our laboratory and others have sug-
gested their involvement in the maintenance of anchorage inde-
pendent growth, adhesion, cellular motility and invasion [11,12].
The elucidation of the role of exosomes in cellular adhesion, motil-
ity and invasion, is clearly impactful and warrants more attention.2. Materials and methods
2.1. Cells
The breast carcinoma cell lines BT-549 and BT-549Gal3 (11-9-
1-4) were kindly donated by Dr. Avraham Raz of Karmanos Cancerlsevier B.V. All rights reserved.
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stably transfected with CD-63 GFP. DK-01 and DK-08 are colorectal
cancer cell lines kindly donated by Dr. Robert Coffey, Vanderbilt
University. The cells were maintained in DMEM/F12 supplemented
with 10% fetal bovine serum (FBS) and Antibiotic–Antimycotic.
2.2. Exosome puriﬁcation
The carcinoma cells were grown to conﬂuency in 150 cm2 cul-
ture ﬂasks. They were dislodged with 2 mM EDTA and pelleted in
serum free medium (SFM) in 15 ml centrifuge tubes. The cell pellet
approximately 1 ml from two ﬂaskswas suspended in 1 ml of either
0.5 mg/ml of BSA (control) or 0.5 mg/ml of fetuin-A and incubated in
suspension on a rotator at 37 C for 1 h. The cells were then pelleted
at 500g and the supernatant centrifuged at 1500g for 20 min to
pellet dead cells and other cell debris and ﬁnally at 20,000g to pel-
let microvesicles. ExoQuickTM was added to the supernatant
(250 ll/1 ml of supernatant) and after an overnight incubation, cen-
trifuged at 3000g for 20 min to pellet exosomes. The exosomes
were dissolved in 200 ll of HBS and aliquots either resolved on
SDS–PAGE, gels stained with colloidal Coomassie and the bands
cut for proteomic analysis or added to 96-well micro-titer wells to
promote adhesion. The exosomes were also diluted (1:50) in HBSS
and the number of particles/ml determined using NanosightTM.
2.3. Adhesion of cells in the presence of fetuin-A and fetuin-A exosomes
The carcinoma cells were grown until 80% conﬂuency, dis-
lodged with 2 mM EDTA and allowed to adhere on either collagen
or ﬁbronectin coated ﬂasks or dishes in SFM for at least 24 h. The
cells were detached, cell number determined and then added to
96 micro-titer wells (2  104 cells/well) in SFM containing
0.5 mg/ml BSA, SFM containing fetuin-A (0–0.5 mg/ml), SFM con-
taining exosomes secreted in the presence of 0.5 mg/ml of either
BSA (BSA Exo) or fetuin-A (FetA Exo). The cells were allowed to ad-
here for 2 h, washed once and ﬁxed in cold methanol. They were
stained with crystal violet and photographed. The dye was then
eluted with 10% acetic acid and optical density measured at
570 nm [4]. Alternatively the media was replaced with fresh media
containing either BSA, fetuin-A or exosomes and Alamar blue, incu-
bated for another 2 h and ﬂuorescence determined [8].
2.4. Visualization of fetuin-A mediated exosome secretion by live cell
confocal microscopy
BT-CD63 cells expressing GFP labeled CD63 [13] were grown
until 80% conﬂuent and dislodged with EDTA as above. The cells
were then either suspended in 0.5 mg/ml of BSA or fetuin-A in SFM
in glass bottom 30 mm petri-dishes coated with poly-Hema. These
were then placed on heated microscope stage supplied with CO2
(A1r confocal microscope). The dynamics of exosomal release
was then recorded. To determine the mechanism of fetuin-A med-
iated secretion, 30 min prior to detachment, the media was re-
placed with fresh medium containing 30 lM of BAPTA-AM. After
detachment, the cells were resuspended in SFM containing
30 lM BAPTA-AM and fetuin-A, and examined under the A1r
microscope as described [13].
2.5. Measurements of intracellular calcium ion concentration in the
absence and presence of fetuin-A
BT-549 cells were grown to 70% conﬂuent in complete DMEM-
F12 medium and serum-starved for 24 h. Cells were then trypsin-
ized, washed twice in HBSS and loaded with fura-2 AM. Intracellu-
lar Ca2+ was continuously monitored in the suspended cells in Ca2+
and Mg2+-free HBSS. EGTA, 0.5 mM (to chelate extracellular cal-cium) was then added followed by 0.5 mM Ca2+, 0.1 mg/ml fet-
uin-A, and then 3.0 mM Ca2+ at the indicated time points.
2.6. LC–MS–MS analysis and protein identiﬁcation
Proteome analysis was conducted using a Thermo Finnigan LTQ
ion trap instrument equipped with an Applied Biosystem AS1 auto-
sampler, Eksigent Nano 1D plus HPLC, James A. Hill ESI-Nanospray
source, and Xcalibur 2.0 SR2 instrument control. Exosomal proteins
were trypsin digested and then packed onto a C18 reverse-phase
column. Proteome data was acquired over a 90 min gradient using
a data dependent scanning mode with one full MS scan (m/z 300–
2000) followed by 5 MS/MS scans. The MS/MS results were
searched using X! Tandem andMyrimatch Proteomics search tools.
False discovery rates were calculated by using a reversed protein
data base. Additional ﬁltering was conducted by using IDPicker
software at a false discovery threshold of <5%. These results were
further ﬁltered by only including proteins having 2 or more unique
peptide spectral identiﬁcations, resulting in false positive rates of
<1%. Protein reassembly from identiﬁed peptide sequences is done
with the aid of a parsimony method recently described by Zhang
et al. [1] which identiﬁes indiscernible proteins (protein groups)
that can account for the identiﬁed peptides.3. Results
3.1. Adhesion of cells to fetuin-A exosomes and not BSA exosomes
We previously established that tumor cells adhere and spread
in the presence of fetuin-A but the mechanism of adhesion was less
clear. We postulated that annexins on the cell surface acted as cell
surface receptors for fetuin-A adhesion [3]. We further demon-
strated that unlike integrin mediated adhesion which requires
mainly the divalent ions manganese and magnesium, fetuin-A
mediated adhesion had a requirement for calcium ions [3]. The
only other mode of adhesion we had identiﬁed in which the pres-
ence of calcium ions was needed for adhesion was the exosomal
mediated adhesion [13]. Furthermore we demonstrated that de-
tached cells secrete more exosomes compared to attached/adhered
cells [13]. We therefore questioned whether fetuin-A mediates cel-
lular adhesion via secreted cellular exosomes. The adhesion of tu-
mor cells to plastic in serum free medium, can take as long as 10 h
whereas in the presence of fetuin-A adhesion can be completed in
2 h [3]. We therefore collected exosomes secreted in the presence
of bovine serum albumin (control) or in the presence of fetuin-A
(0.5 mg/ml). We have demonstrated that exosomes secreted in
the presence of BSA (control) lack the capacity to mediate adhesion
(Fig. 1A and 1C). However, a similar amount of exosomes secreted
in the presence of fetuin-A (0.06–0.5 mg/ml) are deemed adhesion
competent exosomes (Fig. 1). Not only did cells adhere more in the
presence of these ‘adhesion competent’ exosomes which we name
FetA Exo, they also spread resembling cells adhering in the pres-
ence of fetuin-A (Fig. 1A). Similar data was obtained with colorectal
cancer cells (data not shown). Experiments were repeated three
times.3.2. Secretion of exosomes from detached cells
Of note is the fact that FetA Exo that mediate adhesion (20 lg/
ml) were harvested from the conditioned medium in the presence
of millions of cells and the obvious question is whether this con-
centration of exosomes is also achieved on the surface of cells
adhering in the presence of fetuin-A (0.06–0.5 mg/ml). We
observed the concentration of exosomes on the surfaces of
detached live BT-CD63 cells using GFP-CD63 as a read-out. This
Fig. 1. Cellular adhesion and spreading in the presence of fetuin-A and exosomes. In panel A, cells were allowed to adhere to microtiter wells in absence (SFM) or presence of
fetuin-A (0.5 mg/ml), BSA Exo (20 lg/ml) and FetA Exo (20 lg/ml). In B, cells in panel A, were ﬁxed, stained and the absorbance determined.
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reduced in the cells in the presence of fetuin-A in cells pre-incu-
bated with BAPTA-AM (Fig. 2). Moreover the exosomes could be
seen concentrating in blebs on the cell surface (Fig. 2, arrows) from
where they are secreted (movie 1). Thus in cells that have notFig. 2. Secretion of GFP-CD-63 was monitored in live cells. The detached cells were ei
attached cells as described in Section 2. The cells were photographed at the indicated tiinteracted with fetuin-A, one would expect the absence of adhe-
sion competent exosomes on their surfaces and that addition of
exosomes secreted from cells incubated with fetuin-A, would en-
hance their addition much in the same fashion as cells adhering
in the presence of fetuin-A.ther incubated with fetuin-A (0.5 mg/ml) without (control) or with BAPTA-AM on
me points.
Fig. 3. The secretion of exosomes as a function of intracellular calcium ion
concentration. In panel A, intracellular [Ca2+] increases determined by fura-2 AM as
extracellular calcium and fetuin-A levels were adjusted were recorded as described
in Section 2. In panel B, exosomal secretion by detached cells incubated in the
presence of BSA and fetuin-A and 2 mM extracellular calcium was determined by
Nanosight™. Of note is the decreased secretion in the presence of BAPTA-AM.
Table 1
Exosome Proteins.
Proteins found only on control (BSA Exo) Proteins found on bot
BSA Exo and FetA Exo
Elongation factor -1 Isoform of clathrin he
Vimentin Isoform of clathrin he
Spectrin alpha chain Peptidyl-prolyl cis tra
PLEC isoform 4 of Plectin Annexins (A1-A7)
PLEC isoform 1 of Plectin CD-9
Isoform B1 of heterogeneous nuclear ribonucleoprotein HSP 90
Glycogen de-branching enzyme CD59
Beta 1 integrins Integrin alpha 3
PARP4 Flotillin-2
Integrin alpha 2 HLA
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exosome secretion
In order to understand the mechanism by which fetuin-A accel-
erates the secretion of adhesion competent exosomes, we mea-
sured intracellular calcium ion concentration ([Ca2+]i) in the
absence and presence of fetuin-A. As shown in Fig. 3A, fetuin-A
at a concentration of 0.1 mg/ml can increase intracellular calcium
to almost 1 lM and can maintain this high level if extracellular cal-
cium concentration ([Ca2+]e) is 3 mM. The [Ca2+]e in the media is
approximately 1 mM but can be as high as 5 mM in vivo [14,15]. It
has been reported that secretion of exosomes goes up with in-
creased [Ca2+]i [16]. We show that in the presence of fetuin-A, al-
most 5 times as many exosomal particles are secreted compared
to exosomes secreted in the absence of fetuin-A. Furthermore, in
cells pre-incubated with BAPTA-AM (Ba) exosomal output is re-
duced even in the presence of fetuin-A (Fig. 3B).
3.4. Proteins expressed in adhesion competent and incompetent
exosomes
There were a number of known exosomal marker proteins such
as annexins and ﬂotillin-2 identiﬁed in adhesion incompetent
(control) and competent (FetA Exo) exosomes by mass spectrome-
try (Table 1). Only the abundant proteins with spectral counts over
2 are recorded in this table. The presence of plasminogen and his-
tones only in FetA Exo was interesting because they have both
been implicated in cellular adhesion [17,18]. From the data in Ta-
ble 1, it does not appear that integrins are involved in this fetuin-A
mediated adhesion because they appear in both adhesion incom-
petent and competent exosomes. Another important observation
to glean from Table 1, is that the presence of fetuin-A in FetA
Exo suggests that fetuin-A not only triggers an increase in [Ca2+]i
for exosome secretion, it physically joins the adhesion competent
exosomes (FetA Exo). Its real function therefore is likely to be the
recruitment and organization of this novel class of exosomes that
is devoid of many other exosomal proteins.
3.5. Role of plasminogen in fetuin-A/fetuin-A exosomes mediated
adhesion
Plasminogen was one of the major proteins identiﬁed only on
FetA Exo (Table 1). Since this protein has been implicated in cellu-
lar adhesion and motility, we questioned whether it plays a direct
role in the fetuin-A/fetuin-A exosomes mediated adhesion. To do
this we coated wells of a microtiter plate with fetuin-A (200 lg/
well) for 30 min at 37 C. The wells were washed twice with PBS
and then SFM containing BSA (50 lg/well) added to control wells
and plasminogen (PL) in SFM (50 lg/well) to the experimental
wells. Carcinoma cells (BT-549Gal3) were then added 20,000
cells/well and allowed to adhere for at least 2 h. The wells wereh Proteins found only
on FetA Exo.
avy chain 1 Fetuin-A
avy chain 2 Plasminogen
ns-isomerase A Histones: 1H2AE; 1H2AB; 1H2AD; 1H2AG;
1H2AK; 1H2AC; 1H2AM; 1H2AJ; 1H2AI; H2A type 1-B/E
Histones: 2H3D; 2H3A; 2H3C; H3.2
Histones: 2H2BE; H2B type 2-E
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with crystal violet and photographed. The same number of cells
was also incubated with FetA Exo (20 ll/well at a concentration
of 20 lg/ml) in the absence (control) or presence of 50 lg/well of
plasminogen. At the end of incubation, cells adhered well to fet-
uin-A coated wells in the absence and not in the presence of PL.
Similarly the cells adhered in the presence of FetA Exo only in
the absence of plasminogen (Fig. 4, panels A and B). It should be
noted here that in wells coated with a high concentration of fet-Fig. 4. Proposed model for the fetuin-A mediated adhesion. Only FetA Exo whose secr
spheres) mediate adhesion and spreading. Exosomes secreted in the presence of BSA (conuin-A (20 mg/ml), the cells adhered readily even in the presence
of plasminogen at 50 lg/well (data not shown).
4. Discussion
In this report, we show that fetuin-A enters detached tumor
cells and recruits a novel set of exosomes which are secreted to
mediate adhesion. Adhesion of both normal and transformed cells
is mediated chieﬂy by integrins which interact with their ligands inetion is mediated by fetuin-A and contain plasminogen and histones (open small
trol) represented by ﬁlled small spheres, do not mediate adhesion and cell spreading.
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larly those with metastatic potential, have other modes of adhe-
sion and spreading [20,21]. We have analyzed the role of fetuin-
A in the adhesion of tumor cells for a number of years [3,4,8]. Ini-
tially we proposed that fetuin-A is one of the many adhesion mol-
ecules in the extracellular milieu and that annexin family members
served as its cell surface receptors for adhesion [3]. In the course of
our studies, we and others observed that fetuin-A is taken up by
cells and that annexins were required for the uptake mechanism
[8].
We hereby make a link between fetuin-A uptake in tumor cells
and the secretion of ‘adhesion competent’ exosomes. Our proteo-
mics data showing that fetuin-A, plasminogen and histones are
found only in FetA Exo, provided a signiﬁcant clue regarding the
mechanism underlying the adhesive process. Studies have shown
that histones can act as receptors for plasminogen which then
drives adhesion and motility of tumor cells [18]. Alternatively, his-
tones concentrated on the surfaces of the exosomes can interact
with cell surface by electrostatic forces to mediate adhesion [17].
Histones are positively charged proteins and can easily promote
cellular adhesion in a similar fashion to surfaces coated with poly-
lysine [22]. The FetA Exo act as adhesion bridges linking the cells to
plastic or any other surfaces to which they can adhere. Based on
the present studies, we envision a model depicted in Fig 4, where
adhesion incompetent exosomes are not concentrated on the cell
surface of spherical cells and do not support adhesion. However
the adhesion competent FetA Exo which contain plasminogen
and histones, have the potential to be concentrated on the cell sur-
face via plasminogen and also to interact with extracellular sur-
faces. However, in the presence of excess plasminogen, the
binding sites on histones are all occupied resulting in poor interac-
tion of cells with extracellular matrix components and so the cells
remain detached.
Surprisingly, the adhesion competent FetA Exo were not loaded
with a complement of integrins as expected. Studies have identi-
ﬁed integrins on exosomes that are functional with potential to
mediate the adhesion of cells to extracellular matrix components
such as laminin and collagen [23,24]. We recently demonstrated
that the presence of exosomes accelerate the speed with which
cells adhere to laminin, ﬁbronectin and plastic [13]. Based on the
data presented, we propose that the secretion of ‘adhesion compe-
tent’ FetA Exo helps to prepare the ground for adhesion of cells to
various extracellular matrices including plastic and that these exo-
somes are also responsible for the preparation of the metastatic
niches and mediate growth and motility in vivo [25]. We have
demonstrated that in a mouse model for breast cancer, mice that
lacked fetuin-A failed to develop mammary tumors [26]. More
importantly Lewis lung carcinoma cells injected into fetuin-A deﬁ-
cient B6 mice failed to colonize the lungs [4], suggesting a signiﬁ-
cant role for fetuin-A in tumor progression in vivo.
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